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Organizerthe process regulating oral–aboral axis formation in the sea urchin embryo.
Expressed early within an oral organizing centre, it is required to specify both the oral and aboral ectoderm
territories by driving an oral–aboral gene regulatory network. A model for oral–aboral axis speciﬁcation has
been proposed relying on the self activation of Nodal and the diffusion of the long-range antagonist Lefty
resulting in a sharp restriction of Nodal activity within the oral ﬁeld. Here, we describe the expression
pattern of lefty and analyse its function in the process of secondary axis formation. lefty expression starts at
the 128-cell stage immediately after that of nodal, is rapidly restricted to the presumptive oral ectoderm then
shifted toward the right side after gastrulation. Consistently with previous work, neither the oral nor the
aboral ectoderm are speciﬁed in embryos in which Lefty is overexpressed. Conversely, when Lefty's function
is blocked, most of the ectoderm is converted into oral ectoderm through ectopic expression of nodal.
Reintroducing lefty mRNA in a restricted territory of Lefty depleted embryos caused a dose-dependent effect
on nodal expression. Remarkably, injection of lefty mRNA into one blastomere at the 8-cell stage in Lefty
depleted embryos blocked nodal expression in the whole ectoderm consistent with the highly diffusible
character of Lefty in other models. Taken together, these results demonstrate that Lefty is essential for oral–
aboral axis formation and suggest that Lefty acts as a long-range inhibitor of Nodal signalling in the sea
urchin embryo.
© 2008 Elsevier Inc. All rights reserved.IntroductionA major issue for developmental biologists is to understand the
mechanisms that determine the embryonic body axes. In vertebrates,
a dorsal structure called the organizer (i.e Spemann's organizer in
amphibians or the node in birds and mammals, shield in ﬁshes), acts
as a signalling center that regulates patterning along the dorso-ventral
and anterior–posterior axes. Amongmolecules essential to induce and
mediate organizer signalling are secreted factors from the Transform-
ing Growth Factor-ß superfamily (TGF-ß) such as Nodal and its
antagonist Lefty.
Nodal binds as a dimer to type I (Alk4,5,7) and type II (ACVR2)
serine/threonine kinase receptors. Signalling also involves cofactors of
the EGF–CFC family such as Cripto and Cryptic in mammals and Oep in
zebraﬁsh. Modulation of Nodal signalling is essential for normal
patterning by the organizer and is achieved by Lefty proteins which
are Nodal antagonists (Branford and Yost, 2002; Cheng et al., 2000; De
Robertis and Kuroda, 2004; De Robertis et al., 2000; Meno et al., 1999;
Niehrs, 2004; Shen, 2007). Lefty molecules are divergent members of
the TGF-ß family that exhibit characteristic structural features: Lefty
pro-proteins possess two proteolytic cleavage sites, so that the maturel rights reserved.protein may have two distinct forms, these mature proteins are two
fold the size of other mature TGF-ß and, most importantly, Leftys lack
a cysteine residue required for formation of covalently linked dimers
and thus appear to act as monomers (Meno et al., 1996; Sakuma et al.,
2002; Thisse and Thisse, 1999). Induced by Nodal factors, their
expression is highly dynamic and almost overlapping with that of
nodal genes. Lefty proteins act as feedback inhibitors on the signalling
pathway, but exactly how they do so has long been a mystery. Recent
studies have suggested that Lefty can interact with EGF–CFC
coreceptors of the Nodal signalling pathway (reviewed in Branford
and Yost, 2004). By this mean, Lefty prevents EGF–CFC coreceptors
from participating in the Nodal receptor complex and consequently
blocks signal transduction. Thus, it seems that Lefty could antagonize
any EGF–CFC dependent pathway, which so far include the Nodal,
GDF1/3 and Vg1 signalling (but not Activin or TGF-ß mediated
pathways) (Cheng et al., 2004). It has also been proposed that Lefty
could physically interact with Nodal ligands to block the Nodal signal
transduction (Branford and Yost, 2004; Chen and Shen, 2004; Cheng
et al., 2004).
As inducers of organizers and mediators of organizer signalling in
vertebrates, Nodal and Lefty control many developmental processes
(Juan and Hamada, 2001; Schier, 2003; Tian and Meng, 2006; Weng
and Stemple, 2003). One of the earliest roles is during endoderm and
mesoderm induction and speciﬁcation. In the absence of Nodal
50 V. Duboc et al. / Developmental Biology 320 (2008) 49–59signalling, zebraﬁsh embryos lack all endoderm as well as head and
trunk mesoderm (Feldman et al., 1998). Similarly, the mouse Nodal
mutants do not form the primitive streak, which is composed by
mesendoderm progenitors (Conlon et al., 1994; Iannaccone et al.,
1992; Zhou et al., 1993). The feedback inhibition exerted by Leftys
appears essential to limit the extent of mesendoderm territory. For
instance, in the zebraﬁsh, blocking Lefty function results in an
extended mesendoderm territory (Agathon et al., 2001). Likewise
mutations in mouse lefty2 gene result in embryos exhibiting an
enlarged primitive streak (Meno et al., 1999). Moreover, in the absence
of Lefty2, nodal expression is upregulated in the posterior ectoderm
and endoderm. Lefty2 appears to regulate the number of mesodermal
cells being produced by restricting Nodal activity and expression.
Thus, positive and negative feedback loops involving nodal and lefty
are essential during mesoderm formation.
This Nodal/Lefty regulatory loop has been proposed to suit a
reaction–diffusion model in which the activator Nodal positively
regulates itself and its inhibitor Lefty (Branford and Yost, 2004; Chen
and Schier, 2002; Solnica-Krezel, 2003; Tabin, 2006). Both molecules
are produced by an identical source and achieve long distance
patterning of cells. The property of Lefty having a much longer
range of activity than Nodal constitutes the last requirement for a
reaction–diffusion system (Branford and Yost, 2002; Chen and Schier,
2002; Feldman et al., 2002; Sakuma et al., 2002). Such a system
constitutes an efﬁcient and robust mode of generating asymmetries
from slight initial bias.
A similar mechanism is required for the establishment of left–
right asymmetries (Nakamura et al., 2006; Tabin, 2006). The
temporal expression pattern of nodal in the mouse shows, that at
ﬁrst, the signalling pathway is activated almost as strongly on the
right as on the left in the perinodal region. Only the left side will
consecutively express nodal in the lateral plate mesoderm. Lefty
proteins are expressed in the midline and on the left side of the
embryo and are crucial for sharp restriction of nodal expression to
the left side of the lateral plate mesoderm. Indeed, increasing the
level of Nodal initially expressed on the right side or increasing the
amount of the inhibitor Lefty produced on the left, reverses the
bias and result in right-sided expression of nodal in the right
lateral plate (Nakamura et al., 2006). This mechanism called Self-
enhancement and lateral inhibition is required to amplify an initial
bias and to convert it into robust asymmetry in expression
patterns.
In the sea urchin, Nodal signalling plays a key role during the
establishment of the oral–aboral (dorso–ventral) embryonic axis
(Duboc and Lepage, 2006; Duboc et al., 2004). Nodal is expressed
very early, starting at 5th cleavage, and at blastula stages, its
expression is restricted to the presumptive oral ectoderm. Over-
expression of nodal has been shown to convert the whole ectoderm
into oral ectoderm and conversely, in the absence of Nodal, neither the
oral nor the aboral ectoderm is speciﬁed. Injection of a localised source
of nodal mRNA into Nodal-deﬁcient embryos rescues an oral–aboral
axis in a largely non-cell-autonomous manner. This oral territory
seems to behave very much like the vertebrate organizer by emitting
signals that pattern the embryo along the oral–aboral axis. Moreover,
Nodal has been shown to be necessary for the expression of its
putative antagonist Lefty (Duboc et al. 2004). To describe the
speciﬁcation of this axis, a model based on a Nodal–Lefty regulatory
loop has been proposed: Activation of the nodal signalling pathway in
the presumptive oral ﬁeld leads to the production of its endogenous
antagonist Lefty that would, through a reaction–diffusion process,
restrict Nodal expression to the oral ﬁeld and deﬁne the oral–ciliary
band boundary. In the mean time, activation of the pathway would
induce the production of signals that would diffuse outside of the oral
territory to specify aboral fates (Duboc et al., 2004). In this model Lefty
plays an essential role in restricting the range of Nodal activity along
the oral–aboral axis.In this study, we describe Paracentrotus lividus lefty sequence (P.l-
lefty) and expression pattern and address the precise role of Lefty
during sea urchin embryonic development. We report that Lefty is
indeed essential to contain nodal expression and activity in the
presumptive oral territory and thus acts in a negative feedback loop
with Nodal. Finally, we provide evidence that this signalling molecule
displays long-range activity in the embryo.
Results
Cloning and characterization of P.l-Lefty
Degenerate oligonucleotides were designed from conserved blocks
identiﬁed by alignment of available sequences of Lefty/Antivin. An RT-
PCR fragment of sea urchin lefty was isolated and used to perform a
cDNA library screen to isolate full-length lefty. The analysis of the
sequence of the isolated clone revealed a 1212 nucleotide open
reading frame encoding a 404 amino acid protein. The predicted
protein is more similar to zebraﬁsh proteins Lefty2 /Lefty1 (31%
identities for whole protein and up to 39% for the cystein rich domain)
than to the ascidian protein (26% identities and 33% for the cystein
domain). P.l-Lefty displays characteristics of the Lefty protein family
(Meno et al., 1996). It contains a signal peptide (predicted cleavage site
by SignalP between residues 23 and 24) directly followed by a short
propeptide. Unlike vertebrate Lefty proteins, in which two putative
dibasic RXXR maturation sites are found (Fig. 1A), sea urchin Lefty
proteins contain a unique putative dibasic site in the amino-terminal
in position 71–75 (Cheng et al., 2000; Meno et al., 1997; Thisse and
Thisse, 1999). The carboxyterminal part of the sequence contains 6 of
the 7 cysteines forming a ‘cysteine knot’, a hallmark of the TGF-β
family. As the other Lefty sequences, it lacks the fourth cysteine
involved in dimerization (Fig. 1B). Only one lefty gene is present in the
recently available sea urchin genome (Sodergren et al., 2006). Finally,
phylogenetic analysis of TGF-ß signalling pathway genes present in
the urchin genome further indicates that sea urchin Lefty (P.l-Lefty and
S.p-Lefty) are the orthologues of vertebrate Lefty/Antivin proteins
(Lapraz et al., 2006).
Expression pattern of P.l-lefty
Northern blot analysis shows that P.l-lefty codes for a single
transcript of about 2.5 kb (Fig. 2A). This transcript is not detectable in
RNA extracted from eggs showing that P.l-lefty is not maternally
expressed. The ﬁrst zygotic transcripts appear around the 128-cell
stage. The expression level of the transcripts increases until
mesenchyme blastula stage, stays stable during gastrulation and
starts to decrease at the prism stage.
Lefty transcripts ﬁrst appear ubiquitously at the 128-cell stage (Fig.
2Bc). Note that the expression of P.l-lefty begins right after nodal
expression which occurs as early as the 60-cell stage (Duboc et al.,
2004). Localized expression of lefty is ﬁrst detected at the early
blastula stage. At the swimming blastula stage, double staining with
the PMC-marker probe ske-T to orientate the embryo shows that lefty
transcripts are excluded from the mesoderm and endoderm pre-
cursors, and expressed asymmetrically in a territory corresponding to
one side of the presumptive ectoderm territory (Fig. 2Be). This
expression domain is identical to that of nodal as seen from the double
staining with the nodal probe (Fig. 2Bf). At the mesenchyme blastula
stage, lefty transcripts are located opposite to the coquillette/Tbx2/3
expressing aboral ectoderm (data not shown), and are thus restricted
to the oral ectoderm (Fig. 2Bf). The ﬁrst difference between the
distribution of the nodal and lefty transcripts can be noticed at the
early gastula stage. At this stage, the nodal transcripts are restricted to
the presumptive oral ectoderm territory whereas the lefty transcripts
are detected in the presumptive oral territory and in endodermal cells
facing the presumptive oral ectoderm territory (Fig. 2Bj–l). lefty
Fig. 1. Structure of the predicted sea urchin protein Lefty/Antivin (P.l-Lefty). (A) Alignment of the sea urchin P.l-Lefty with other lefty/Antivin related proteins from human (H.s-Lefty A and B), mouse (M.m-Lefty 1 and 2), zebraﬁsh (D.r-Lefty 1
and 2), medaka (O.l-Lefty), Xenopus (X.l-Lefty A and B), chick (G.g-Lefty), ascidians (C.s-lefty), and sea urchin (S.p-Lefty and P.l-Lefty). Identical amino acids are printed on a colored background. Asterisks indicate the position of the 6 conserved
cysteines that form the ‘cysteine knot’ domain characteristic of the TGF-β Lefty/Antivin family. Stars indicate the two additional conserved cysteines present in Lefty proteins. The hydrophobic sequence of the signal peptide is underlined with
light green. The two putative maturation sites are underlined with dark blue. (B) Structure of the deduced sea urchin P.l-Lefty protein. The protein contains a hydrophobic signal sequence in green (20 amino-terminal residues) and a mature
ligand domain separated from a prodomain by only one putative basic cleavage sites RXXR indicated in dark blue. The six cysteines characteristic of the Lefty/Antivin family are indicated in red respectively in position 293, 323, 327, 364, 400,
and 402.
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52 V. Duboc et al. / Developmental Biology 320 (2008) 49–59remains expressed on the oral side of the embryo until the pluteus
stage (Fig. 2Bg–p). At the equivalent stage, nodal is also expressed in a
right oral ﬁeld of the embryo but double in situ hybridisation with
nodal and lefty probes revealed that the expression patterns of thetwo genes are only partially identical: while both lefty and nodal are
expressed on the right side of the ciliary band, at the junction between
the dorsal and ventral arms of the pluteus larva and on the right side
of the oral ectoderm, nodal is expressed in a cluster of about 10 cells on
53V. Duboc et al. / Developmental Biology 320 (2008) 49–59the right side of the archenteronwhich most likely corresponds to the
right coelomic pouch whereas lefty is expressed in the surrounding
right endoderm (Fig. 2Bm–o). Moreover, while both nodal and lefty
are expressed in a cluster of cells (which likely corresponds to
neurogenic cells) located within the ciliary band on the right side of
the apical tuft (Fig. 2Bm–p), lefty transcripts are detected in the oral
side of the cluster whereas nodal is expressed in the aboral side of the
cluster (Fig. 2Bp). This late expression proﬁle suggests a conserved role
for Lefty in establishment of left–right asymmetries (see Duboc et al.,
2005) between vertebrates and sea urchins.
Lefty is essential for oral–aboral axis formation and acts in a negative
feedback loop with nodal
In order to reveal the role of lefty during sea urchin early
development, we ﬁrst attempted to over express lefty by injection of
mRNAs. As shown previously (Duboc et al., 2004), 48 h embryos over
expressing lefty display no bilateral symmetry. They present a radial
arrangement of their spicules around a straight archenteron and show
no mouth opening. Their ectoderm is composed of two distinct types:
a thick epithelium made of cuboidal cells which covers the embryo
from the animal pole to the vegetal ring of PMCs and a squamous
epithelium which coats the vegetal region (Figs. 3B, C, D). This highly
reproducible phenotype is obtained after injection of RNA ranging
from 10 to 400 µg/ml (Figs. 3B, C). This phenotype is identical to the
Nodal loss of function phenotype suggesting that lefty is able to
antagonise Nodal signalling (Fig. 3E). To further characterise this
phenotype, we have examined the expression of brachyury (Croce et
al., 2001a; Gross and McClay, 2001). In control mesenchyme blastula
stage embryo, brachyury marks the stomodeal region and a ring of
cells around the blastopore (Fig. 4A). In embryos injected with lefty
mRNA, the vegetal staining stays unchanged whereas the oral
expression territory of brachyury disappears, suggesting that speciﬁ-
cation of the oral ectoderm failed (Fig. 4E). We have previously shown
that Alk4/5/7 mediated Univin/Vg1 signalling and Nodal autoregula-
tion are required very early to maintain nodal expression (Range et al.
2007). Since in vertebrates Vg1 signalling is EGF–CFC dependent and
since Lefty factors interfere with EGF–CFC dependent TGF-beta
signalling (Shen, 2007), Lefty overexpression is expected to block
both Nodal and Univin signalling. Consistent with this idea, we found
that nodal expression is undetectable at any stage in Lefty over
expressing embryos (data not shown). This suggests that lefty
overexpression interferes with both initiation and maintenance of
nodal expression presumably by blocking Univin/Vg1 signalling and
nodal autoregulation. Consistent with the absence of nodal expression,
following Lefty overexpression, the early aboral gene marker coq/tbx2/
3 is not expressed in these embryos (Figs. 4C, G). This is also the case
for the late aboral marker 29D. Expression is lost from the animal
ectoderm territory but persists in the vegetal pole in the subanal
ectoderm (Figs. 4D, H). These observations suggest that neither the
oral nor the aboral ectoderm is formed in these embryos. By contrast,
the expression of the ciliated band gene marker tubulin is extended
and covers two third of the embryo. These results show that over-
expression of lefty disrupts not only oral but also aboral ectodermFig. 2. Expression of P.l-Lefty during embryonic development. (A) Northern blot of total RNA (1
cell stage; 60, 60-cell stage; EB, early blastula stage; HB, hatching blastula stage; MB1, mesenc
blastula stage 2 (15 h post fertilization); EG, early gastrula stage; LG, late gastrula stage; Pr,
transcripts analysed by in situ hybridization. Embryos were hybridized with an antisense RN
egg; (b) 60-cell stage; (c) 128-cell stage; (d) early blastula stage; (e) swimming blastula stage
double stained with lefty (in red) and nodal (in dark blue); (g) mesenchyme blastula stage;
gastrula stage side view; (k) mid gastrula stage vegetal view; (l) mid gastrula stage vegeta
exclusively in the oral ectoderm whereas lefty is expressed in both the oral ectoderm and th
whereas the red arrow points out lefty speciﬁc expression domain; (m) prism stage aboral vi
view, double stained with lefty (in red) and nodal (in dark blue), the purple arrows point out
expression domain in a right portion of the archenteron; (o) early pluteus stage animal view
red arrow points out lefty speciﬁc expression domain and the dark blue arrow points nodalformation and thus resembles a Nodal loss of function phenotype.
Under these conditions, the default state of the epithelium appears to
be a thick ciliated epithelium expressing ciliated band marker genes
(Duboc et al., 2004). Therefore Lefty is able to antagonise Nodal
function in the sea urchin embryo.
In order to assess if Lefty was required, during normal embryogen-
esis for the establishment of oral–aboral polarity, we blocked Lefty
translation by using two different antisense morpholino-oligonucleo-
tides (Mo-lefty), one directed against the 5′UTR and the other directed
against the ATG initiator of the lefty transcript. The phenotypes
obtained by single injection of either Mo-lefty are analogous and dose-
dependent. 20% of the embryos injected with low concentration of
Mo-lefty (500 μM) present a partially radialised phenotype. The
occurrence of this intermediate radialised phenotype increases with
higher injection doses (750 μM — 45% of the injected embryos) (Figs.
3F, G). These embryos develop normally until gastrula stage but then,
they do not lengthen along the oral–aboral axis. Their spicules remain
small and disorganised at the vegetal pole and a small proboscis caps
their animal pole. The archenteron of these embryos is tripartite and
curved toward the side of the embryo where the stomodeum is open.
Opposite to the mouth opening lays a thin and squamous epithelium,
which presents the characteristics of the aboral epithelium. This
epithelium covers a small part of the embryo from the base of the
proboscis to the PMC chain. When the injection dose reaches 1 mM,
the resulting embryos do not acquire bilateral symmetry and keep a
radial arrangement of their body plan (Figs. 3H, I). The spicules do not
elongate and stay disorganised at the vegetal pole. A prominent
proboscis caps the animal pole of these embryos. These embryos are
striking phenocopies of nodal over expressing embryos (Fig. 3J). The
aboral markers coq/Tbx2/3 and 29D are both absent from embryos
injected with MO-lefty (Figs. 4K, L). In these embryos, the staining of
the ciliated band marker tubulin is restricted to ciliated cells at the
animal pole, which correspond to the apical tuft (Fig. 4J). Thus
embryos lacking Lefty develop no ciliated band. By contrast, the oral
expression of brachyury is noticeably increased in these embryos and
forms an equatorial ring of cells. This suggests that in absence of Lefty,
aboral fates are converted to oral fates. Finally, we examined nodal
expression in Mo-lefty injected embryos. nodal expression is extended
all around the embryo as early as the early blastula stage (Figs. 5A, D)
and persists as an equatorial belt at the mesenchyme blastula stage
(Figs. 5B, E). As a consequence, lefty transcripts localisation is also
radialised in response to nodal ectopic expression (Figs. 5C, F).
Altogether these results suggest a critical role for Lefty in restricting
nodal transcription/activity within the presumptive oral ectoderm
territory and underline the fundamental link between nodal and it
endogenous antagonist lefty during the axial patterning process.
A localized source of Lefty is sufﬁcient to counteract nodal ectopic
expression
To demonstrate the speciﬁcity of themorpholino oligo-nucleotides
directed against lefty, we performed a rescue experiment. The
morpholino directed against a sequence located in the 5′UTR of lefty
transcript was injected into the egg together with a synthetic lefty0 μg per lane) prepared from embryos at the indicated stages. E, unfertilized egg; 16,16-
hyme blastula stage 1 (14 h post fertilization, development at 18 °C); MB2, mesenchyme
prism stage. The open reading frame was used as probe. (B) Spatial expression of lefty
A probe derived from the full-length cDNA sequence (including UTRs). (a) Unfertilized
double stained with lefty and ske-T (PMC-speciﬁc marker); (f) swimming blastula stage
(h) early gastrula stage side view (sv); (i) early gastrula stage vegetal view (vv); (j) mid
l view double stained with lefty (in red) and nodal (in dark blue), nodal is expressed
e oral endoderm, the purple arrow points out the lefty and nodal coexpression domain
ew, the arrows point out the three different expression domains; (n) prism stage aboral
the lefty and nodal coexpression domains whereas the red arrow points out lefty speciﬁc
, (p) early pluteus stage animal view, detail view of the apical tuft and surroundings, the
speciﬁc expression domain in the ciliary band.
Fig. 3. Perturbation of Lefty function abolishes oral–aboral polarity. Morphology of 48 h embryos. (A) control embryo; (B) lefty mRNA injected embryo (10 µg/ml); (C) lefty injected
embryo (400 µg/ml); (D) lefty injected embryo, vegetal view; (E) Mo-nodal injected embryo (1 mM); (F–I) The antisense oligonucleotide morpholino directed against lefty acts in a
dose-dependent manner. Mo-lefty injected embryos respectively 0.5, 0.75 mM and 1 mM; (I) vegetal view of Mo-lefty injected embryo; (J) nodalmRNA injected embryo (200 µg/ml).
54 V. Duboc et al. / Developmental Biology 320 (2008) 49–59mRNA resistant to the morpholino. The embryos resulting from the
double injection presented a phenotype identical to a lefty over-
expression phenotype thus conﬁrming the speciﬁcity of the employedFig. 4. Lefty is crucial for correct oral–aboral patterning. molecular analysis of oral–aboral po
and Lefty deﬁcient embryos. (A–D) control embryos; (E–H) lefty mRNA injected embryos; (I
ciliary band gene marker; (C, G, K) coq/Tbx2/3 (D, H, L) and 29D aboral gene markers.Mo-lefty. In order to have an idea of the range of activity of an
exogenous source of Lefty, we repeated the rescue experiment with a
spatially restricted source of lefty. The 5′Mo-leftywas injected into thelarity genes markers observed by in situ hybridization in Lefty overexpressing embryos
–L) Mo-lefty injected embryos. (A, E, I) brachyury (bra) oral gene marker; (B, F, J) tubulin
Fig. 5. Lefty is essential to restrict nodal transcription/activity within the presumptive oral ectoderm territory. Oral expression of nodal (A, B) is extended to the whole presumptive
ectoderm following Mo-lefty injection (D, E), this as soon as the early blastula stage (A, D) and later at the mesenchyme blastula stage (B, E), lefty transcripts are also extended in the
Mo-lefty injected embryos in response to nodal ectopic expression (C–F).
55V. Duboc et al. / Developmental Biology 320 (2008) 49–59egg together with rhodamine dextran. Then, at the eight-cell stage,
synthetic lefty mRNA (50 µg/ml) resistant to the morpholino was
injected together with a ﬂuorescein dextran in a randomly chosen
blastomere (Fig. 6A). Embryos were then either ﬁxed at the
mesenchyme blastula stage for analysis of nodal expression or kept
for observation by epiﬂuorescence microscopy after 48 h of develop-
ment. Embryos injected with Mo-lefty alone presented a radialised
phenotype with a large proboscis at the animal region typical of Lefty
loss of function. By contrast, all embryos injected together with lefty
synthetic mRNA and Mo-lefty displayed a round shape with a thick
epithelium covering the animal half, regardless of the animal–vegetal
position of the injected blastomere (Figs. 6B,a–g). Therefore, injection
of lefty in only one eight of the embryo in either one quarter of the
animal hemisphere (presumptive ectoderm) or in one quarter of the
vegetal hemisphere (endo-mesoderm and vegetal plate ectoderm) is
just as effective as overexpression of Lefty in the whole embryo. The
long-range effect of Lefty activity was veriﬁed by analysis of nodal
expression. As described previously, injection of Mo-lefty alone
induces nodal ectopic expression within an equatorial belt of cells in
the ectoderm (Figs. 6Bi). Conversely, in all double injected embryos
examined, nodal expression was abolished (Figs. 6B,j–l). Strikingly
expression of Lefty in endo-mesodermal cells, which are not included
in the nodal expression territory, is sufﬁcient to eliminate nodal
expression in the adjacent ectoderm territory. In other words, a
localized source of Lefty is able to block nodal expression in the entire
ectoderm. To test if varying the level of leftymRNA in this experiment
would result in dose-dependent effects on nodal expression and
perhaps if they would allow an axis to form, lefty mRNA was injected
at progressively lower doses. Injection of lefty mRNA into one
blastomere at the 8-cell stage at 30 µg/ml resulted in the extinction
of nodal expression in the whole embryo as described above. In
contrast, when lefty mRNA was used at 10 µg/ml, weak nodal
expression was consistently detected within the clones derived from
animal pole injection (Figs. 6Bo), no expression being detected in the
clones derived from vegetal pole injection. A small fraction (15–20%)
of embryos injected at 10 µg/ml later developed into pigmented larvae
and displayed a partial rescue of dorsal–ventral polarity as indicated
by the presence of two spicules rudiments, although the extent of this
rescue was modest since these larvae did not elongate along the
dorsal–ventral axis (data not shown). Finally, when lefty mRNA was
injected at 3 µg/ml, nodal was expressed ectopically throughout mostof the ectoderm, as in the Mo-lefty injected embryos (Figs. 6Bq,r).
These experiments were repeated twice with similar results. These
observations suggest that a ﬁnely tuned balance between Nodal and
Lefty is crucial for the regulation of nodal expression and for dorsal–
ventral axis formation since varying the dose of Lefty over a relatively
small range of concentration results in opposed phenotypes i.e. broad
ectopic expression of nodal or complete absence of nodal expression.
Importantly, these results strongly suggest a capacity for Lefty protein
to act far from its expression territory and to operate as a long-range
inhibitor of the nodal signalling pathway in the sea urchin embryo.
Discussion
The nodal and lefty expression proﬁles are partially overlapping
Our analysis of the lefty and nodal expression patterns revealed
that from early blastula stage to early gastrula stage, lefty and nodal
are expressed in identical territories. However, we noted that lefty
starts to be expressed at the 128-cell stage, just after the onset of
nodal expression. Therefore lefty's expression follows that of nodal
in the presumptive oral territory consistently with its function
during oral–aboral speciﬁcation processes. During gastrulation, no-
dal expression is restricted to the presumptive oral ectoderm
territory whereas lefty is expressed in both the presumptive oral
ectoderm territory and oral endoderm. The enlarged expression
territory of lefty compared to the expression territory of nodal could
reﬂect the activity of the nodal signalling pathway outside of nodal
expression domain and might be related to secondary oral–aboral
speciﬁcation events such as oral–aboral patterning of the endoderm.
After gastrulation is completed, the expression of both genes is
shifted toward the right side of the embryo and both are expressed
in the ectoderm on the right oral side of the embryo. Lefty is also
expressed in a right portion of the archenteron surrounding the
right coelomic pouch where nodal is expressed. This endodermal
expression of lefty could constitute a barrier by that is necessary to
restrict nodal expression within the right coelomic pouch. Finally,
the third expression domain of lefty and nodal comprises a few cells
in the ciliary band in the surrounding of the apical organ on the
right side. Careful observation of the distribution of both gene
transcripts revealed that these domains are not overlapping. lefty is
expressed on the oral side of the cell cluster whereas nodal is
56 V. Duboc et al. / Developmental Biology 320 (2008) 49–59expressed on the aboral side. These intriguing expression of lefty and
nodal most probably occurring in neurogenic cells or in there direct
neighbouring cells might reﬂect the requirement of both genes in left–right asymmetrical neurogenic patterning processes as it is the case in
zebraﬁsh (Ahmad et al., 2004). These expressionproﬁles are consistent
with a role for lefty in a nodal regulatory loop during oral–aboral axis
57V. Duboc et al. / Developmental Biology 320 (2008) 49–59speciﬁcation and left–right asymmetry establishment. The require-
ment of Lefty during left–right speciﬁcation in the urchin embryo
could not be addressed due to its earlier role in development. However,
the late expression pattern of lefty strongly suggests it is playing
similar antagonistic role during left–right axis speciﬁcation.
Lefty antagonises Nodal signalling in the sea urchin embryo through a
feedback inhibitor mechanism
We have previously shown that lefty is a target of Nodal signalling;
its expression is extended following nodal overexpression and is lost in
the absence of Nodal signaling (Duboc et al., 2004). In this study, we
show that overexpression of lefty mimics the Nodal loss of function
phenotype. Embryos overexpressing lefty fail to specify both oral and
aboral ectoderm territories and the resulting ectoderm expresses
marker genes of the ciliary band. Similar observations have beenmade
after injection of a morpholino-oligonucleotide directed against nodal
demonstrating that Lefty is able to antagonise Nodal. In contrast, in the
absence of Lefty, nodal expression is extended to an equatorial ring of
cells within the ectoderm suggesting that Lefty acts to restrict the
expression domain of Nodal and thus to restrict its activity to a deﬁned
territory. Taken together, these observations show that lefty is induced
by nodal, but acts in return to downregulate Nodal signalling and
thereby nodal expression leading to the sharp restriction of nodal
expression/activity to the presumptive oral territory. Thus, sea urchin
Lefty behaves like a classical feedback inhibitor of the Nodal signalling
pathway.
In addition to the role of Lefty inmodulation of the Nodal signalling
pathway, we cannot exclude its interaction with other TGF-ß
signalling pathways. Indeed, in vertebrates, it seems that Lefty can
antagonize GDF1, GDF3 and Vg1 signalling three additional EGF–CFC
dependent pathways (Shen, 2007). The potential interaction between
Lefty and other ligands during sea urchin development remains to be
investigated but a recent analysis of the regulation of the P. lividus
nodal promoter has shed light on the molecular mechanisms
responsible for the autoregulatory behaviour of nodal. This analysis
revealed that, in addition to Nodal autoregulation, Univin, a
maternally expressed TGF-ß ligand highly related to Vg1, plays a
critical role in the initiation and maintenance of nodal expression.
Furthermore, Smad binding sites essential for the initiation and
maintenance of nodal expression have been located in two distinct
regions of the nodal promoter, one in an intronic enhancer region and
the second in a regulatory module (R-module) of the nodal promoter.
The intronic enhancer behaves primarily as an autoregulatory element
while the R-module is involved both in the autoregulation and in the
initiation of nodal expression (Range et al., 2007). Our ﬁnding that
overexpression of lefty, which potentially acts as an antagonist of both
Vg1 and Nodal signalling, prevents activation and maintenance of
nodal expression further conﬁrms the importance and primary
requirement of the autoregulatory loop as well as that of the input
of Univin/Vg1 signalling in the regulation of nodal during sea urchin
development.
Nodal/Lefty ﬁt the formulation of a reaction–diffusion system during sea
urchin oral–aboral axis formation
It has been suggested that Nodal and Lefty interactions during
vertebrate embryonic development display the properties of aFig. 6. Lefty acts as a long-range inhibitor of nodal signalling and displays dose-dependent ef
the experiment. (h–r) In situ hybridization of nodal transcripts is revealed in blue whereas
radialized in 100% of theMo-lefty injected embryos (h, i). (j, m, p) Lefty mRNA injected into th
The random injection of lefty mRNA at either 50 µg/ml (k,l) or 30 µg/ml (not shown) into o
abolish nodal expression in these embryos, regardless of whether the injected cell will give
injected at 10 µg/ml into one blastomere at the 8-cell stage, essentially no expression is detect
weak expression of nodalwithin the clone (o). In contrast, when leftymRNA is injected at 3 µg
the ectoderm as in Lefty-Mo injected embryos and regardless of the location of the clone.theoretical model proposed by Turing (1952) called the “reaction–
diffusion system” (Chen and Schier, 2002; Hamada et al., 2002;
Saijoh et al., 2000). This system requires that an activator positively
regulates itself and its inhibitor. Both molecules should be
produced by an identical source and achieve long distance
patterning of cells. A much longer range of activity for the inhibitor
compared with that of the activator is the last requirement for this
system. One property of this system is to convert a slight initial
bias in the expression of the gene encoding the activator, into a
robust asymmetrical expression of this gene. In this study, we
provided several lines of evidence that the sea urchin TGF-ß Nodal
and Lefty fulﬁl these requirements. First, Nodal expression induces
Lefty, which acts negatively on nodal expression/activity (see also
Duboc et al., 2004). Second, we have demonstrated that in the sea
urchin embryo both nodal and lefty are expressed in the same
territory. Third, we showed that Lefty can act in a dose-dependent
manner and far from its expression territory. Therefore, Lefty
operates as a long-range inhibitor of the Nodal signalling pathway.
One observation obtained in the course of this study further
reinforces the idea that Nodal and Lefty form a reaction–diffusion
system: we found that while the Nodal loss of function phenotype
is relatively insensitive to the dose of the Nodal morpholino
injected, varying the dose of the Lefty morpholino produced a
gradation in the severity of the phenotypes. The “all or none”
behaviour of nodal following downregulation of Nodal is consistent
with the idea that nodal expression within the oral ﬁeld critically
relies on autoregulation and is therefore highly sensitive to the
level of Nodal signalling. In contrast, progressively lowering the
level of Lefty with the Lefty morpholino progressively shifts the
boundary of the oral ﬁeld towards the aboral side. These graded
effects likely reﬂect a threshold of Nodal versus Lefty signalling.
This is consistent with the idea that at the edge of the initial Nodal
territory, there is a sharp boundary because, apparently, Lefty
concentrations normally increase to a level that blocks expansion of
the Nodal territory.
In conclusion, we propose the following model of the role of nodal
and lefty in oral–aboral axis determination. nodal starts to be
expressed in a broad territory along the oral–aboral axis around the
32–60-cell stage (Duboc et al. 2004; Range et al. 2007). A weak
asymmetry in the expression of nodal is translated into a correspond-
ing asymmetry in the expression of Lefty, which starts restricting
Nodal signalling to the presumptive oral side (Range et al. 2007).
During blastula stages, strong Nodal autoregulation (Range et al. 2007;
Nam et al. 2007) and Lefty mediated long-range inhibition (this study)
then establish a robust reaction–diffusion systemwhich results in the
sharp restriction of nodal expression observed at blastula stages. In
addition to showing the conservation of these two genes in
invertebrate deuterostomes, our observations suggest that their
crucial interactions are a conserved feature of the deuterostome
organizing center.
Experimental procedures
Animals, embryos and treatments
Adult sea urchins (P. lividus) were collected in the Villefranche bay.
Handling of gametes and embryos has been described previously
(Lepage and Gache, 1989, 1990).fects. (A) Experimental procedure. (B; a–g) Morphology of 48 h embryos resulting from
cells having received lefty mRNA are revealed in a red colour. Expression of nodal is
e egg efﬁciently suppresses nodal expression even at the lowest concentration (3 µg/ml).
ne bastomere at the 8-cell stage is sufﬁcient to reverse the Lefty-Mo phenotype and to
rise to the endo-mesoderm of the larva (k), or to the ectoderm (l). When lefty mRNA is
ed in embryos carrying vegetal clones butmost embryoswith ectodermal clones display
/ml (q, r), all the embryos display strong ectopic expression of nodal throughout most of
58 V. Duboc et al. / Developmental Biology 320 (2008) 49–59Cloning of lefty cDNAs
Total RNA was extracted from embryos at prism stage by the
method of (Cathala et al., 1983). RT-PCR was carried out using
degenerate oligonucleotides corresponding to the sequence
GWKTFDVT and WILEPAGF. PCR fragments were subsequently used
as probes to screen a pluteus cDNA library. The GenBank accession
number for P.l-lefty is AY442296. The program used to predict the
signal peptide (SignalP) can be found at the following address: http://
www.cbs.dtu.dk/services/SignalP/.
Expression analysis
Total mRNAs were extracted as indicated above. For Northern Blot
analysis, 10 µg of RNA were electrophoresed, transferred to a Biotrans
Nylon membrane (ICN), and hybridization was carried out by
standards methods (Sambrook et al., 1989) with a fragment
corresponding to lefty ORF.
Whole-mount in situ hybridization was performed following a
procedure adapted from (Harland, 1991). Probes including 29D, and
tubulin have been described in (Duboc et al., 2004). Ske-T/T-brain
(Croce et al., 2001b; Fuchikami et al., 2002), coq/Tbx2/3 (Croce et al.,
2003) and brachyury (Croce et al., 2001a; Gross and McClay, 2001)
have been described in (Duboc et al., 2004). All probes were used at a
ﬁnal concentration of 1 µg/ml. For double labelling with lefty and ske-
T, the two probes were hybridized and developed simultaneously. All
probes were synthesized with T7 RNA polymerase after linearization
of the plasmids by NotI. Control and experimental embryos were
developed for the same time in the same experiments. For double in
situ performed using the nodal and the lefty probes and to reveal both
the expression of the gene of interest and the lineage marker we
followed the procedure of Thisse et al. (2004).
mRNA and antisense morpholino microinjection
The coding sequence of lefty was cloned in a pCS2+ expression
vector as described in (Duboc et al., 2004). Lefty mRNAwas injected in
the concentration range of 10–400 μg/ml together with a ﬂuorescein
dextran at 5 mg/ml as a control. Capped mRNAwere synthesized from
NotI linearized templates using mMessage mMachine kit (Ambion).
morpholino antisense oligonucleotides were obtained fromGeneTools
LLC (Eugene, OR). The sequence of the morpholino-oligonucleotide
directed against the ATG initiator of lefty transcripts is the following:
5′-GGAGCGCCATGAGATAATTCCATAT-3′. The sequence is derived from
the start of the open reading frame and starts 2 bp upstream of the
ATG initiator. The sequence of the morpholino-oligonucleotides
directed against the 5′end of lefty transcripts is the following 5′-
GGAGATGGGCAAAATATGAAGATAC-3′. The sequence is derived from
the 5′UTR and located 54 bp upstream of the ATG initiator.
morpholino-oligonucleotide were injected with a rhodamin dextran
(5 mg/ml) at concentration 0.25–1.5 mM. In situ hybridization
experiments were performed on 1 mM injected embryos. Approxi-
mately 2 pl of capped mRNA or oligonucleotides were microinjected
into the cytoplasm of unfertilized eggs. All microinjected eggs were
fertilized and raised at 18 °C. Their morphology was observed by
microscopic observations. For each experiment, about 200 eggs where
microinjected and the experiments repeated 2–3 times. As a negative
control, we used a morpholino-oligonucleotide directed against the
hatching enzyme transcript (Lepage and Gache,1990). Injection of this
oligonucleotide did not perturb development.
Acknowledgments
We thank our colleagues at the Marine Station of Villefranche for
help and support. We thank Clare Hudson and Alexandra Saudemont
for careful reading of the manuscript, Laurent Gilletta for collectingand taking great care of sea urchins. This work was supported by the
CNRS, the Association pour la Recherche sur le Cancer (ARC) grant
3801, l'Agence Nationale de la Recherche (ANR) and the Université of
Paris VI. Véronique Duboc was supported by a fellowship from the
ARC.
References
Ahmad, N., Long, S., Rebagliati, M., 2004. A southpaw joins the roster: the role of the
Zebraﬁsh nodal-related gene southpaw in cardiac LR asymmetry. Trends Cardio-
vasc. Med. 14 (2), 43–49.
Agathon, A., Thisse, B., Thisse, C., 2001. morpholino knock-down of antivin1 and
antivin2 upregulates nodal signaling. Genesis 30, 178–182.
Branford, W.W., Yost, H.J., 2002. Lefty-dependent inhibition of Nodal- and Wnt-
responsive organizer gene expression is essential for normal gastrulation. Curr. Biol.
12, 2136–2141.
Branford, W.W., Yost, H.J., 2004. Nodal signaling: CrypticLefty mechanism of antagon-
ism decoded. Curr. Biol. 14, R341–R343.
Cathala, G., Savouret, J.F., Mendez, B., West, B.L., Karin, M., Martial, J.A., Baxter, J.D., 1983.
A method for isolation of intact, translationally active ribonucleic acid. DNA 2,
329–335.
Chen, Y., Schier, A.F., 2002. Lefty proteins are long-range inhibitors of squint-mediated
nodal signaling. Curr. Biol. 12, 2124–2128.
Chen, C., Shen, M.M., 2004. Two modes by which Lefty proteins inhibit nodal signaling.
Curr. Biol. 14, 618–624.
Cheng, A.M., Thisse, B., Thisse, C., Wright, C.V., 2000. The lefty-related factor Xatv acts as
a feedback inhibitor of nodal signaling in mesoderm induction and L–R axis
development in Xenopus. Development 127, 1049–1061.
Cheng, S.K., Olale, F., Brivanlou, A.H., Schier, A.F., 2004. Lefty blocks a subset of TGFbeta
signals by antagonizing EGF–CFC coreceptors. PLoS Biol. 2, E30.
Conlon, F.L., Lyons, K.M., Takaesu, N., Barth, K.S., Kispert, A., Herrmann, B., Robertson,
E.J., 1994. A primary requirement for nodal in the formation and maintenance of
the primitive streak in the mouse. Development 120, 1919–1928.
Croce, J., Lhomond, G., Gache, C., 2001a. Expression pattern of Brachyury in the embryo
of the sea urchin Paracentrotus lividus. Dev. Genes. Evol. 211, 617–619.
Croce, J., Lhomond, G., Lozano, J.C., Gache, C., 2001b. ske-T, a T-box gene expressed in the
skeletogenic mesenchyme lineage of the sea urchin embryo. Mech. Dev. 107,
159–162.
Croce, J., Lhomond, G., Gache, C., 2003. Coquillette, a sea urchin T-box gene of the Tbx2
subfamily, is expressed asymmetrically along the oral–aboral axis of the embryo
and is involved in skeletogenesis. Mech. Dev. 120, 561–572.
De Robertis, E.M., Kuroda, H., 2004. Dorsal–ventral patterning and neural induction in
Xenopus embryos. Annu. Rev. Cell. Dev. Biol. 20, 285–308.
De Robertis, E.M., Larrain, J., Oelgeschlager, M., Wessely, O., 2000. The establishment of
Spemann's organizer and patterning of the vertebrate embryo. Nat. Rev. Genet. 1,
171–181.
Duboc, V., Lepage, T., 2006. A conserved role for the nodal signaling pathway in the
establishment of dorso-ventral and left–right axes in deuterostomes. J. Exp. Zoolog.
B. Mol. Dev. Evol. 310, 41–53.
Duboc, V., Rottinger, E., Besnardeau, L., Lepage, T., 2004. Nodal and BMP2/4 signaling
organizes the oral–aboral axis of the sea urchin embryo. Dev. Cell. 6, 397–410.
Duboc, V., Rottinger, E., Lapraz, F., Besnardeau, L., Lepage, T., 2005. Left-right asymmetry
in the sea urchin embryo is regulated by nodal signaling on the right side. Dev. Cell.
9, 147–158.
Feldman, B., Gates, M.A., Egan, E.S., Dougan, S.T., Rennebeck, G., Sirotkin, H.I., Schier, A.F.,
Talbot, W.S., 1998. Zebraﬁsh organizer development and germ-layer formation
require nodal-related signals. Nature 395, 181–185.
Feldman, B., Concha, M.L., Saude, L., Parsons, M.J., Adams, R.J., Wilson, S.W., Stemple, D.
L., 2002. Lefty antagonism of Squint is essential for normal gastrulation. Curr. Biol.
12, 2129–2135.
Fuchikami, T., Mitsunaga-Nakatsubo, K., Amemiya, S., Hosomi, T., Watanabe, T.,
Kurokawa, D., Kataoka, M., Harada, Y., Satoh, N., Kusunoki, S., Takata, K., Shimotori,
T., Yamamoto, T., Sakamoto, N., Shimada, H., Akasaka, K., 2002. T-brain homologue
(HpTb) is involved in the archenteron induction signals of micromere descendant
cells in the sea urchin embryo. Development 129, 5205–5216.
Gross, J.M., McClay, D.R., 2001. The role of Brachyury (T) during gastrulationmovements
in the sea urchin Lytechinus variegatus. Dev. Biol. 239, 132–147.
Hamada, H., Meno, C., Watanabe, D., Saijoh, Y., 2002. Establishment of vertebrate left-
right asymmetry. Nat. Rev. Genet. 3, 103–113.
Harland, R.M., 1991. In situ hybridization: an improved whole-mount method for Xe-
nopus embryos. Methods Cell Biol. 36, 685–695.
Iannaccone, P.M., Zhou, X., Khokha, M., Boucher, D., Kuehn, M.R., 1992. Insertional
mutation of a gene involved in growth regulation of the early mouse embryo. Dev.
Dyn. 194, 198–208.
Juan, H., Hamada, H., 2001. Roles of nodal-lefty regulatory loops in embryonic
patterning of vertebrates. Genes Cells 6, 923–930.
Lapraz, F., Rottinger, E., Duboc, V., Range, R., Duloquin, L., Walton, K., Wu, S.Y., Bradham,
C., Loza, M.A., Hibino, T., Wilson, K., Poustka, A., McClay, D., Angerer, L., Gache, C.,
Lepage, T., 2006. RTK and TGF-beta signaling pathways genes in the sea urchin
genome. Dev. Biol. 300, 132–152.
Lepage, T., Gache, C., 1989. Puriﬁcation and characterization of the sea urchin embryo
hatching enzyme. J. Biol. Chem. 264, 4787–4793.
Lepage, T., Gache, C., 1990. Early expression of a collagenase-like hatching enzyme gene
in the sea urchin embryo. Embo. J. 9, 3003–3012.
59V. Duboc et al. / Developmental Biology 320 (2008) 49–59Meno, C., Saijoh, Y., Fujii, H., Ikeda, M., Yokoyama, T., Yokoyama, M., Toyoda, Y., Hamada,
H., 1996. Left-right asymmetric expression of the TGF beta-family member lefty in
mouse embryos. Nature 381, 151–155.
Meno, C., Ito, Y., Saijoh, Y., Matsuda, Y., Tashiro, K., Kuhara, S., Hamada, H., 1997. Two
closely-related left-right asymmetrically expressed genes, lefty-1 and lefty-2: their
distinct expression domains, chromosomal linkage and direct neuralizing activity
in Xenopus embryos. Genes Cells 2, 513–524.
Meno, C., Gritsman, K., Ohishi, S., Ohfuji, Y., Heckscher, E., Mochida, K., Shimono, A.,
Kondoh, H., Talbot, W.S., Robertson, E.J., Schier, A.F., Hamada, H., 1999. Mouse Lefty2
and zebraﬁsh antivin are feedback inhibitors of nodal signaling during vertebrate
gastrulation. Mol. Cell 4, 287–298.
Nakamura, T., Mine, N., Nakaguchi, E., Mochizuki, A., Yamamoto, M., Yashiro, K., Meno,
C., Hamada, H., 2006. Generation of robust left-right asymmetry in the mouse
embryo requires a self-enhancement and lateral-inhibition system. Dev. Cell 11,
495–504.
Nam, J., Su, Y.H., Lee, P.Y., Robertson, A.J., Coffman, J.A., Davidson, E.H., 2007. Cis-
regulatory control of the nodal gene, initiator of the sea urchin oral ectoderm gene
network. Dev. Biol. 306, 860–869.
Niehrs, C., 2004. Regionally speciﬁc induction by the Spemann-Mangold organizer. Nat.
Rev. Genet. 5, 425–434.
Range, R., Lapraz, F., Quirin, M., Marro, S., Besnardeau, L., Lepage, T., 2007. Cis-regulatory
analysis of nodal and maternal control of dorsal-ventral axis formation by Univin, a
TGF-{beta} related to Vg1. Development 134, 3649–3664.
Saijoh, Y., Adachi, H., Sakuma, R., Yeo, C.Y., Yashiro, K., Watanabe, M., Hashiguchi, H.,
Mochida, K., Ohishi, S., Kawabata, M., Miyazono, K., Whitman, M., Hamada, H.,
2000. Left-right asymmetric expression of lefty2 and nodal is induced by a
signaling pathway that includes the transcription factor FAST2. Mol. Cell 5,
35–47.Sakuma, R., Ohnishi Yi, Y., Meno, C., Fujii, H., Juan, H., Takeuchi, J., Ogura, T., Li, E.,
Miyazono, K., Hamada, H., 2002. Inhibition of Nodal signalling by Lefty mediated
through interaction with common receptors and efﬁcient diffusion. Genes Cells 7,
401–412.
Sambrook, J., Fritsch, E.F., Maniatis, T., 1989. Molecular cloning. A laboratory manual.
Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY.
Schier, A.F., 2003. Nodal signaling in vertebrate development. Annu. Rev. Cell Dev. Biol.
19, 589–621.
Shen, M.M., 2007. Nodal signaling: developmental roles and regulation. Development
134, 1023–1034.
Sodergren, E., et al., 2006. The genome of the sea urchin Strongylocentrotus purpuratus.
Science 314, 941–952.
Solnica-Krezel, L., 2003. Vertebrate development: taming the nodal waves. Curr. Biol. 13,
R7–R9.
Tabin, C.J., 2006. The key to left–right asymmetry. Cell 127, 27–32.
Thisse, C., Thisse, B., 1999. Antivin, a novel and divergent member of the TGFbeta
superfamily, negatively regulates mesoderm induction. Development 126,
229–240.
Thisse, B., Heyer, V., Lux, A., Alunni, V., Degrave, A., Seiliez, I., Kirchner, J., Parkhill, J.P.,
Thisse, C., 2004. Spatial and temporal expression of the zebraﬁsh genome by large-
scale in situ hybridization screening. Methods Cell Biol. 77, 505–519.
Tian, T., Meng, A.M., 2006. Nodal signals pattern vertebrate embryos. Cell Mol. Life Sci.
63, 672–685.
Weng, W., Stemple, D.L., 2003. Nodal signaling and vertebrate germ layer formation.
Birth Defects Res. C. Embryo Today 69, 325–332.
Zhou, X., Sasaki, H., Lowe, L., Hogan, B.L., Kuehn, M.R., 1993. Nodal is a novel TGF-
beta-like gene expressed in the mouse node during gastrulation. Nature 361,
543–547.
